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FIG. 2

Divide physical space into grid units based on basic 1
geometric information of object ALY
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FIG. 3
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EDGE-CENTRIC SPACE RESCALING
METHOD FOR DISSIMILAR SPACE
REGISTRATION AND SYSTEM THEREFOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] A claim for priority under 35 U.S.C. § 119 1s made
to Korean Patent Application No. 10-2023-0100226 filed on
Aug. 1, 2023, 1n the Korean Intellectual Property Oflice, the
entire contents of which are hereby incorporated by refer-
ence.

BACKGROUND

[0002] Embodiments of the present disclosure described
herein relate to an edge-centric space rescaling method for
dissimilar space registration and a system therefor, and more
particularly, relate to a novel space rescaling technique for
registering dissimilar physical-virtual spaces by utilizing the
ellects of adjusting physical space with redirected walking
(RDW).

[0003] The emergence of augmented reality (AR), virtual
reality (VR), and mixed reality (MR ) head mounted displays
(HMDs) has enabled users to experience virtual or remote
spaces as 1f they were present there. These spatial computing
devices provide a higher sense of realism and 1mmersion
than traditional 2D displays. Furthermore, remote users are
able to feel a sense of coexistence 1n a mutual space, unlike
video chat. To experience virtual space with such a high
level of immersion, it 1s necessary to register the target
virtual space to the user’s tracked physical space by over-
coming the differences in spatial configuration. However,
current VR HMDs rely on the user to define an empty
subspace, which restricts the user’s movement and limaits the
utilization of spatial information such as objects and walls in
the real space. Additionally, these user-defined space regis-
tration systems only support a single state of the user,
assuming the user 1s standing or sitting, which limits the
development of narrative VR experience with user’s state
changes. In order to solve these limitations, the space
registration system should allow the utilization of basic
geometric information from the physical space in the virtual
environment and support user’s state changes where they are
able to walk around, sit on a chair, or interact with planar
surface according to the context of VR content.

[0004] One of the major challenges when registering the
virtual environment to the physical environment 1s to over-
come the spatial dissimilarity between spaces and secure
suflicient areas where the user 1s able to freely move around
and interact with virtual content. Previous forced-mapping
methods may connect users’ every position 1n their tracked
physical space to the target virtual space, but communication
errors may occur due to the misalignment of avatars. Simi-
larly, redirected walking controllers are able to enable users
to explore a wider virtual environment from their limited
physical space, but the usage of rotation gains induced the
coordinate distortion between physical space and virtual
space. On the other hand, the alignment-based space regis-
tration methods are able to unmily a coordinate system
between virtual physical space so the users are able to utilize
planar and edge mformation of physical space 1 virtual
space. However, since they may not make an effect of
moditying the space, one-to-one scale spatial matching
methods may struggle to secure suflicient mutual area when
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dissimilarity between spaces 1s high. The space registration
method should enable the effects of adjusting space while
maintaining the unified coordinate system between virtual
space and physical space.

[0005] In other words, for an immersive VR experience, 1t
1s necessary to overcome spatial dissimilarity between
physical space and virtual space and register the target VR
environment to the user’s tracked physical space. However,
existing one-to-one scale space-matching algorithms are
unable to secure suflicient interactable areas when the physi-
cal space and the virtual space are highly dissimilar. On the
other hand, redirected walking controllers are able to expand
explorable virtual space from the limited physical space but
are unable to utilize basic geometric mformation from the
physical space i the virtual space due to the coordinate
distortion.

[0006] To address such problems, an embodiment of the
present disclosure proposes a novel space-rescaling tech-
nique for registering dissimilar physical-virtual spaces by
utilizing the effects of adjusting physical space with redi-
rected walking (RDW).

PRIOR ART DOCUMENTS

Non-Patent Documents

[0007] G. T. Anderson and G. Yang. A proposed mea-
sure ol environmental complexity for robotic applica-
tions. In 2007 IEEE International Conference on Sys-
tems, Man and Cybernetics, pp. 2461-2466. IEEE,
2007. 3

SUMMARY

[0008] Embodiments of the present disclosure provide an
edge-centric space rescaling method for dissimilar space
registration to apply relative translation gains (R1Gs) to
cach of space grids divided based on the main interactable
object’s edge, which enables space modification eflects to
register vast interactable space while maintaining the coor-
dinate system between physical space and virtual space, and
a system therefor.

[0009] Embodiments of the present disclosure provide an
edge-centric space rescaling method for dissimilar space
registration to register virtual space to physical space by
utilizing basic geometric information, such as edges, tloors,
walls, horizontal surfaces, and vertical surfaces, and a sys-
tem therefor.

[0010] Embodiments of the present disclosure provide an
edge-centric space rescaling method for dissimilar space
registration to register virtual space to dissimilar physical
space through a space rescaling technique using translation-
gain based redirected walking (RDW) and relative transla-
tion gains (RTGs) and a system therefor.

[0011] However, technical problems to be addressed by
the present disclosure 1s not limited to the problem, and may
be expanded in various manners from a range which does
not deviate from the technical spirit and scope of the present
disclosure.

[0012] According to an embodiment, an edge-centric
space rescaling method by an edge-centric space rescaling
system for dissimilar physical-virtual space registration may
include dividing physical space into grid units based on
basic geometric information of an object, applying relative
translation gains (RTGs) to physical space grids divided in
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redirected walking (RDW), and registering objects of inter-
est 1n virtual space to a corresponding target i physical
space to rescale the virtual space to the physical space, while
maintaining a coordinate system between the virtual space
and the physical space.

[0013] According to an embodiment, the edge-centric
space rescaling method by the edge-centric space rescaling
system for the dissimilar physical-virtual space registration
may further include quantitatively measuring spatial com-
plexity, spatial dissimilarity, and spatial matching difliculty
to assess the level of registering dissimilar physical-virtual
spaces, alter rescaling the virtual space to the physical space.

[0014] According to an embodiment, an edge-centric
space rescaling method by an edge-centric space rescaling
system for dissimilar physical-virtual space registration may
include dividing physical space into grid units based on
basic geometric information of an object, applying relative
translation gains (RTGs) to physical space grids divided in
redirected walking (RDW), registering objects of interest in
virtual space to a corresponding target in physical space to
rescale the virtual space to the physical space, while main-
taining a coordinate system between the virtual space and
the physical space, and quantitatively measuring spatial
complexity, spatial dissimilarity, and spatial matching dii-
ficulty to assess the level of registering dissimilar physical-
virtual spaces, after rescaling the virtual space to the physi-
cal space. The applying may include using a spatial
registration optimization algorithm for space registration,
for an edge sync ratio between the virtual space and the
physical space.

[0015] According to an embodiment, an edge-centric
space rescaling system for dissimilar physical-virtual space
registration may include a grid division unit that divides
physical space into grid units based on basic geometric
information of an object, an application unit that applies
relative translation gains (R1Gs) to physical space grids
divided 1n redirected walking (RDW), and a rescaling unit
that registers objects of interest 1n virtual space to a corre-
sponding target in physical space to rescale the virtual space
to the physical space, while maintaining a coordinate system
between the virtual space and the physical space.

[0016] According to an embodiment, the edge-centric
space rescaling system for the dissimilar physical-virtual
space registration may further imnclude an assessment unit
that quantitatively measures spatial complexity, spatial dis-
similarity, and spatial matching difliculty to assess the level
ol registering dissimilar physical-virtual spaces, after res-
caling the virtual space to the physical space.

[0017] According to an embodiment, an edge-centric
space rescaling system for dissimilar physical-virtual space
registration may include a grid division unit that divides
physical space into grid units based on basic geometric
information of an object, an application umt that applies
relative translation gains (R1Gs) to physical space grids
divided 1n redirected walking (RDW), a rescaling unit that
registers objects of mterest 1n virtual space to a correspond-
ing target i physical space to rescale the virtual space to the
physical space, while maintaining a coordinate system
between the virtual space and the physical space, and an
assessment unit that quantitatively measures spatial com-
plexity, spatial dissimilarity, and spatial matching difliculty
to assess the level of registering dissimilar physical-virtual
spaces, after rescaling the virtual space to the physical space.
The rescaling unit may use a spatial registration optimiza-
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tion algorithm for space registration, for an edge sync ratio
between the virtual space and the physical space.

BRIEF DESCRIPTION OF THE FIGURES

[0018] The above and other objects and features will
become apparent from the following description with refer-
ence to the following figures, wherein like reference numer-
als refer to like parts throughout the various figures unless
otherwise specified, and wherein:

[0019] FIG. 1 illustrates a drawing for describing an
edge-centric space rescaling method according to an
embodiment of the present disclosure;

[0020] FIG. 2 illustrates an operational flowchart of an
edge-centric space rescaling method according to an
embodiment of the present disclosure;

[0021] FIG. 3 illustrates a drawing for describing grnid
division according to an embodiment of the present disclo-
SUre;

[0022] FIG. 4 illustrates five mput spaces for evaluation
according to an embodiment of the present disclosure;
[0023] FIG. 5A illustrates a table of mput space informa-
tion according to an embodiment of the present disclosure;
FIG. 5B illustrates a table of spatial dissimilarity and spatial
matching difficulty according to an embodiment of the
present disclosure;

[0024] FIG. 6 illustrates a block diagram of a detailed
configuration of an edge-centric space rescaling system
according to an embodiment of the present disclosure.

DETAILED DESCRIPTION

[0025] Advantages, features, and methods of accomplish-
ing the same 1n the present disclosure will become apparent
with reference to embodiments described in detail below
together with the accompanying drawings. However, the
inventive concept 1s not limited by embodiments disclosed
heremafter, and may be implemented 1 various forms.
Rather, these embodiments are provided so that this disclo-
sure will be through and complete and will fully convey the
concept of the invention to those skilled in the art, and the
inventive concept will only be defined by the scope of the
appended claims.

[0026] Terms used 1n the specification are used to describe
embodiments of the iventive concept and are not intended
to limat the scope of the mventive concept. In the specifi-
cation, the terms of a singular form may include plural forms
unless otherwise specified. The expressions “comprise” and/
or “comprising”’ used herein indicate existence of stated
components, steps, operations, and/or elements, but do not
exclude presence or addition of one or more other compo-
nents, steps, operations, and/or elements.

[0027] Unless otherwise defined herein, all terms (includ-
ing technical and scientific terms) used 1n the specification
may have the same meaning that 1s generally understood by
a person skilled in the art. Also, terms which are defined 1n
a dictionary and commonly used should be interpreted as not

in an idealized or overly formal detect unless expressly so
defined.

[0028] Hereinafter, exemplary embodiments of the inven-
tive concept will be described 1n detail with reference to the
accompanying drawings. The same reference denotations
are used for the same components on the drawings, and a
duplicated description of the same components will be
omitted.
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[0029] FIG. 1 illustrates a drawing for describing an
edge-centric space rescaling method according to an
embodiment of the present disclosure.

[0030] The edge-centric space rescaling method according
to an embodiment of the present disclosure may focus on
registering a certain subspace decided from the main inter-
action object with space-rescaling eflects from translation-
gain based redirected walking (RDW) to generate a unified
coordinate system between virtual space and physical space.

[0031] An embodiment of the present disclosure may
propose a method of registering virtual space to dissimilar
physical space through a space rescaling technique using
translation-gain based RDW and relative translation gains
(RTGs).

[0032] In detail, an embodiment of the present disclosure
may divide the physical space, which 1s the target of
rescaling, mto nmine grids centered on the main object and
may apply RTGs to each grid, making the space adjustment
more adaptive. Furthermore, to ensure an immersive VR
experience and prevent motion sickness, an embodiment of
the present disclosure may linearly change gains between
cach grid so that the VR user’s speed may change smoothly
within the threshold range. With this rescaled physical
space, an embodiment of the present disclosure may imple-
ment a spatial registration optimization algorithm to find
optimal values for registering the virtual space to the physi-
cal space. Unlike the conventional approach of maximizing
the semantic match ratio between the spaces, an embodi-
ment of the present disclosure may employ evaluation
metrics for space registration focused on aligning the main
interaction object of the virtual environment to the proper
physical space’s object to enable physical touching 1n VR
for a more 1immersive experience.

[0033] The user A in his tracked physical space (left) 1n
FIG. 1 may be connected to the dissimilar target virtual
space (right) through his avatar and may physically interact
with the registered floor, table, and wall. At this time, each
colored area refers to the registered area. Orange refers to
the table surface, green refers to the wall surface, and blue
refers to the movable tloor.

[0034] As depicted in FIG. 1, the approach according to an
embodiment of the present disclosure may increase the main
object’s registered edge and planar information and may
secure a larger movable area from the limited physical
environment with the edge-centric space rescaling tech-
nique. Furthermore, an embodiment of the present disclo-
sure may formulate equations for computing spatial com-
plexity (SC(E)) that may retlect not only object density but
also space size and object distribution. Additionally, an
embodiment of the present disclosure may define spatial
dissimilarity (SD(E,,,,, E_;,,)) and spatial matching dith-
culty (SMD(E,,,,, E,;,s)) between virtual space and real
space to help to design structured experiment by leverage
the dificulty level of registering the target virtual space to
the tracked physical space.

[0035] In addition, an embodiment of the present disclo-
sure may conduct an evaluation using four space pairs for
XR remote collaboration scenarios and may validate a
proposed method (RTGGrid) against two other spatial reg-
istration methods (RTG-Single, 1:1 Scale). RTG-Single
refers to applying a single RTG to the entire space, and 1:1
Scale refers to spatial matching with the original space scale.
Results demonstrate that RTG-Grid 1s the most effective
method 1n matching the main object’s edge and planar
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information and securing the most expansive registered
space area compared to other methods 1n every condition.

Furthermore, an embodiment of the present disclosure may
validate that SC(E) and SMD(E . . E . ) are suitable for

vire? —phys
measuring spatial information and Coii}};uting the spatial-
matching difficulty between physical space and virtual
space. Based on the analysis of the results, an embodiment
of the present disclosure may derive three implications for
developers to consider when developing a spatial registra-
tion optimization algorithm for registering dissimilar physi-
cal-virtual spaces. First, they should use RDW as a space-
rescaling element to accurately match the edge and plane
between physical space and virtual space rather than using
it as a component to maximize movable space. Second, the
objective function’s primary factor should be set according
to the main interaction object rather than maximizing the
semantic match ratio. Lastly, an embodiment of the present
disclosure may emphasize the importance of registering the
subspace where users will interact most rather than aiming

to map the entire space.

[0036] The contribution according to an embodiment of
the present disclosure may be categorized into three main
areas.

[0037] Firstly, an embodiment of the present disclosure
may introduce a novel edge-centric space-rescaling tech-
nique with length-based RDW for registering virtual space
to the user’s tracked physical space. Unlike previous meth-
ods, the approach according to an embodiment of the present
disclosure may focus on registering a main interaction object
and its corresponding subspace rather than maximizing the
movable space. Secondly, an embodiment of the present
disclosure may develop equations to quantitatively measure
the spatial complexity, spatial dissimilarity, and spatial
matching difliculty to assess the level of registering dissimi-
lar physical-virtual spaces. Lastly, an embodiment of the
present disclosure may evaluate an algorithm with other
space registration methods using inputs generated from real
environments under the assumption of XR remote collabo-
ration scenarios. Optimization results from evaluation may
conilrm an edge-centric space rescaling method according to
an embodiment of the present disclosure, which 1s outper-
formed 1n synchromizing the edge and plane of main objects
and walls and may secure the largest registered area com-
pared to other methods. By leveraging the spatial registra-
tion optimization algorithm and evaluation metrics proposed
in an embodiment of the present disclosure, developers may
achieve optimal spatial registration results by adjusting the
weights of optimization terms based on their VR content
goals using objective function and implications.

[0038] The redirected walking (RDW) 1in an embodiment
of the present disclosure 1s a VR locomotion technique used
to i1ncrease the user’s movable space by adjusting their
visually perceived locomotion in VR within certain visual
cognitive thresholds. Several RDW controllers have been
developed to redirect user movement using various algo-
rithms to maximize the navigable area while minimizing the
collision and resets. However, these controllers include
basic methods such as steer-to-center, steer-to-orbit, and
steer-to-multi-targets, which redirect the user toward spe-
cific targets or paths. In addition, alignment-based RDW
controllers, which consider the environmental compatibility
of both physical space and virtual space, may redirect users
more space-adaptively. However, the focus of RDW con-
trollers 1s primarily on reducing the number of collisions and
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resets, resulting 1n a bias toward the boundary values of the
threshold range. This bias may cause motion sickness when
the gain changes abruptly from the lowest to the highest
threshold value. To mitigate this eflect, an embodiment of
the present disclosure needs to create a redirection map that
ensures gains to change smoothly as the user walks around
while using the rescaling eflects of RDW.

[0039] RDW controllers commonly use rotation, transla-
tion, and curvature gains, but rotation and curvature gains
are used most frequently due to their more significant impact
on spatial transformation. However, these gains make 1t
challenging to incorporate edge and plane information of
real-world objects or walls 1nto virtual space since they
distort the coordinate system of physical space and virtual
space. An embodiment of the present disclosure may
achieve an immersive VR experience when the edge and
planar information between physical space and virtual space
1s aligned and the user may physically touch the objects. An
embodiment of the present disclosure may propose utilizing
the space-rescaling eflects from RDW while maintaining the
coordinate system to achieve this alignment. To do so, an
embodiment of the present disclosure may use relative
translation gains (RTGs), which enable space-adaptive scale
adjusting by applying different translation gains to the width
and depth 1 space. Although the concept of matching
heterogeneous spaces with RTG was presented before, fur-
ther research 1s needed to investigate more space-adaptive
rescaling methods considering the complexity and compo-
sition of spaces and how to apply this space-rescaling
technique to registering dissimilar space. To this end, an
embodiment of the present disclosure will introduce an edge
centric space-rescaling process with RTGs for registering
dissimilar physical and virtual spaces.

[0040] The registration of virtual spaces to physical spaces
in an embodiment of the present disclosure 1s a significant
challenge 1n VR experiences, especially when the virtual
space 1s larger than the physical space and has a different
configuration. To address this challenge, previous studies
have attempted to connect every position from the virtual
space to the tracked physical space. However, this approach
may not be feasible when the spatial configurations are
highly dissimilar. To overcome this limitation, an avatar-
reposition algorithm has been proposed to map the user’s six
degrees of freedom (DoFs) 1n the tracked space to the target
space by learning the user’s responses regarding user’s
decision about the proper remapped position in the target
space. However, the retargeted six DoFs are not continu-
ously related, so unexpected position shifts occur when the
user moves around, which led to motion sickness and a
break of immersion. On the other hand, other existing
studies have attempted to match user movement smoothly
between the tracked space and the target space by correlating
objects of interest that the user wishes to move, but these
methods may not generate a umflied coordinate system,
resulting in inaccurate user pointing and gazing direction.
Thus, the primary objective of registering virtual space to
physical space should generate a continuous repositioning,
map between the virtual space and the physical space while
aligning the coordinate system.

[0041] In contrast to the forced-mapping methods that fail
to generate a unified coordinate system, space-registering,
methods may maintain the coordinate system by alignment-
based approaches. The existing research proposed a space-
aligning method for an AR telepresence system to maximize
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the movable empty area from two dissimilar spaces. Object-
centric space-matching methods such as projecting a remote
user onto their physical sofa or retargeting a round table and
square table by grid-based mapping have also been pro-
posed. Furthermore, some studies have proposed maximiz-
ing the semantic match ratio between different spaces to
support users 1n walking, sitting, and placing objects. How-
ever, these methods may match heterogeneous spaces with
a unified coordinate system, but easily output a narrow
shared space when the number of spaces increases or the
physical and virtual space configurations are largely differ-
ent. But still, their approaches may support users’ multi-
states and register the area of interest, so an embodiment of
the present disclosure may take advantage of subspace-
centric alignment methods. On the other hand, subspace-
alignment-based space registering methods mainly focus on
maximizing the semantic match ratio between rooms. How-
ever, for an immersive VR experience, a spatial registration
optimization algorithm should find optimal values that con-
sider the context of the VR experience. Thus, for more
context-aware space registration and to enable quantitative
comparison, an embodiment of the present disclosure may
propose several evaluation metrics for space registration
centered on the main interaction object.

[0042] In an embodiment of the present disclosure, regis-
tering dissimilar virtual spaces to the target physical space 1s
a challenging task that heavily depends on the spatial
dissimilarity between two spaces. Therelore, 1t 1s helptul to
understand the heterogeneity between the two spaces for a
more constructive experiment design and analysis of regis-
tration results. However, spatial dissimilarity 1s challenging
to represent numerically, as 1t has qualitatively described
characteristics, such as the relationship between objects and
spatial layout. Nevertheless, an embodiment of the present
disclosure may still quantify some essential information
from space, such as space size, object density, and object
distribution, which are crucial for spatial matching. For
example, 1n the architecture research field, there was a
method for measuring the openness of space, but it only
explained 1n spaces with the same number of building
modules 1n different layouts. Additionally, robotics research-
ers attempted to quantitatively measure the environmental
complexity to distinguish the difliculty of motion finding,
but mostly considered empty navigable areas.

[0043] In AR and VR research, spatial complexity has
been studied by ordering various spatial configurations to
evaluate their eflects on the user’s narrative space-adaptive
AR experience. However, they may not quantitatively mea-
sure the spatial complexity since they presented rating
criteria for spatial complexity by comparing traversability
and visual complexity terms. Recently, ARC proposed a
method for calculating the environment’s complexity from
C(p), which refers to the sum of the closest distance to the
obstacle from every point p in the environment to the north,
south, east, and west directions. They defined the complexity
of environment C(E) by summing C(p) for every point 1n the
space and dividing the added length by the number of points.
While this method 1s universally applicable to the floorplan
of the space, it may fail to present different complexities
when both spaces have similar object densities, even though
the size and spatial layout are different. To obtain more
precise environmental complexity results, an embodiment of
the present disclosure may propose to extend C(E) by
reflecting the space size, object density, and degree of object
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dispersion. Furthermore, using this extended measure of
environmental complexity, an embodiment of the present
disclosure may present equations for computing the envi-
ronmental dissimilarity and difficulty level of registering
virtual space to physical space centered on the target object.

[0044] FIG. 2 illustrates an operational flowchart of an
edge-centric space rescaling method according to an
embodiment of the present disclosure. FIG. 3 illustrates a
drawing for describing grid division according to an
embodiment of the present disclosure.

[0045] The method of FIG. 2 may be performed by an
edge-centric space rescaling system according to an embodi-
ment of the present disclosure, which 1s illustrated in FIG. 6.

[0046] Referring to FIG. 2, in operation S210, physical
space may be divided into grid units based on basic geo-
metric information of an object. Operation S210 may be to
divide space for space rescaling into a predetermined num-
ber based on basic geometric information of an interactable
object’s edge, a floor, a wall, a horizontal surface, and a
vertical surface. At this time, operation S210 according to an
embodiment of the present disclosure may be to divide the
physical space, which 1s the target of rescaling, into a
plurality of grids centered on the edge depending on the
basis geometric information of the interactable object. In an
embodiment of the present disclosure, it 1s shown and
described that the physical space is divided into nine grids,
but the number of grids 1s not limited thereto. Furthermore,
the object may be, but 1s not limited to, a table, a wall
surface, a movable floor, or the like shown 1n FIG. 1.

[0047] To be more specific, when an embodiment of the
present disclosure interprets the redirected walking (RDW)
applied to the user in terms of space, 1t may be explained as
the effects of rescaling the user’s physical space. To facilitate
interaction with basic geometric features of the physical
space 1n the virtual space and maintain a unified coordinate
system between the two spaces, an embodiment of the
present disclosure may utilize RTGs in RDW.

[0048] When applying RDW to VR users, 1t 1s crucial to
consider the cognitive threshold range to avoid inducing
simulator sickness. As the RTG threshold 1s influenced by
spatial configuration, an embodiment of the present disclo-
sure may employ the previously published findings to set an
appropriate threshold range considering the target virtunal
space’s spatial configuration. RTG consists of an x-axis
translation gain (g,) and a y-axis translation gain (g ), and
the RTG threshold 1s defined with a 2D translation ratio
(aT), which 1s the ratio of g, to g . At this time, by setting
proper oT, an embodiment of the present disclosure may
adjust the scale of the physical space to better align with the
users’ visual cognitive threshold range, thus improving the
adaptivity of the system 1n registering target virtual spaces.

[0049] The edge-centric space rescaling method according
to an embodiment of the present disclosure may aim to find
an optimal subspace from virtual space and physical space
and register semantic information between the two spaces.
Since 1t 1s challenging to match every object 1n dissimilar
virtual-physical environments, an embodiment of the pres-
ent disclosure needs to concentrate on matching the certain
object, considering the target VR scenario. Therefore, an
embodiment of the present disclosure may concentrate on
registering the object of interest in the virtual space to the
corresponding object 1n the physical space, which refers to
as the main object. To achieve space-adaptive rescaling, an
embodiment of the present disclosure may partition the
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space into grids centered on the main object’s edge and may
apply appropriate RTGs to each gnid.

[0050] In operation S220, relative translation gains
(RTGs) may be applied to the physical space grids divided
1n the redirected walking (RDW). Thus, operation S220 may
be to linearly change gains between each grid.

[0051] Operation S220 may be to use translation-gain
based redirected walking (RDW) as a space-rescaling ele-
ment to generate a unified coordinate system between virtual
space and physical space. Thus, operation S220 may apply
the relative translation gains (RTGs) to each of the physical
space grids to generate RTG pairs and may adaptively adjust
space. At this time, operation S220 may be to set the RTG
pairs within user’s cognitive thresholds, such that a maxi-
mum difference between an x-axis translation gain and a

y-axis translation gain in the divided space grids falls within
an RTG threshold range.

[0052] In detail, as depicted in FIG. 3, operation S210 in
an embodiment of the present disclosure may be to extend
the edges of the main interaction object to create a total of
nine grids and generate nine RTG pairs from the combina-
tion of three x-axis translation gains (G =(g_,, £, £.5) and
three y-axis translation gains (G,=g,,. g,,. £,3) for each grid.
Next, operation S220 1n an embodiment of the present
disclosure should set these nine RT(Gs within the user’s
cognitive threshold. By ensuring the maximum difference
between G, and G, falls within the RTG threshold range, the
other RTG pairs will also be within the corresponding
threshold range. Therefore, the inequality equations for

setting the RT'G threshold may be written as Equations 1 and
2 below.

0.86 < gx, g, < 1.26 [Equation 1]

min((,) max(G,) |Equation 2]
=,

oy =

s =
max(G,) min(G,)

[0053] Herein, each g, and g, should have a value between
0.86 to 1.26, and the lower boundary o, and upper boundary

an of the 2D translation ratio are defined to set the range of
possible values for RTGs.

[0054] o, and o, may be set according to the target virtual
space’s configuration. After applying the optimal RTG val-
ues for space rescaling, sudden gain changes that may occur
when a VR user moves from one grid to the next may induce
motion sickness. To prevent this issue and make users less
sensitive to the applied redirection gains, an embodiment of
the present disclosure may apply linear gain smoothing for
a distance of 0.5 m (0.25 m before and after passing the grid
boundary). For example, when a user walks from Grid 1 to
Grid 2 and 1s at a distance of d m from the boundary line
between the two grids (—0.25 m<d<0.25 m), the x-axis
translation g_ will be 0.5(g ,+g H2(g ,—g ;)d. FIG. 3’s
dashed area indicates the smooth gain change area where
RTG linearly changes from one grid to the beside grid. By
doing so, sudden jumps in translation gain may be avoided.
Through Equation 1 and Equation 2 described above, an
embodiment of the present disclosure may set the proper
RTGs for generating a redirection map that allows for space
adaptive rescaling without sudden gain changes while still
providing freedom of movement.

[0055] In operation S230, the objects of interest in the
virtual space may be registered to a corresponding target 1n
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the physical space to rescale the virtnal space to the physical
space, while a coordinate system between the virtual space
and the physical space 1s maintained. Operation S230 may
be to use a spatial registration optimization algorithm to find
optimal values for registering the virtual space to the physi-
cal space using the physical space spatially adjusted and
rescaled by applying the relative translation gains (RTGs) to
each of the physical space grids and to register the objects
of 1nterest 1n the virtual space to the corresponding target 1n
the physical space by means of the spatial registration
optimization algorithm. At this time, operation S230 may
use the spatial registration optimization algorithm for space
registration, for an edge sync ratio between the virtual space
and the physical space.

[0056] to be more specific, to evaluate the performance of
registering the target virtual environment to the tracked
physical environment, an embodiment of the present disclo-
sure may need quantitative evaluation metrics for finding
optimal values and comparing results with other methods.
Therefore, an embodiment of the present disclosure may
propose four space-registering evaluation meftrics to opfi-
mize the objective function of the spatial registration opti-
mization algorithm, with a focus on precisely matching the
edge and surface area of the main interaction object. The first
metric 1s the edge sync ratio between the virtual main object
and the physical main object. Previous studies have high-
lighted the importance of receiving passive feedback from
physical objects while interacting with virtual objects for an
immersive VR experience. Therefore, by aligning the edge
of the virtual main object with the corresponding physical
object, users may receive passive feedback while interacting
with the main object in VR. Thus, to calculate the edge-
alignment ratio of the main object between virtual space and
physical space, an embodiment of the present disclosure
may name 1t as object edge sync ratio ¥, and it may be
defined as Equation 3 below.

O#

phys

L(Oyipe )

1L(O;

Virt

) [Equation 3]

Tﬂbj(G: ¢) —

[0057] Herein, G represents the nine RTG pairs used for
rescaling the physical environment, while @ represents the
relative position vector of the virtual environment to the
physical environment. Furthermore, O, ,* and O,, * are
the top-viewed 2D polygon of the main object 1n the virtual

environment and the physical environment, respectively.

The vanable 11(O,,,*, O,,,*) denotes the sum of the
intersected edge length between O ,,,* and O, * while

L(O, . _*) refers to the sum of the edge length of virt.

[0058] Using the object edge sync ratio ¥ ,. may be to
measure how much of the edge from the main object 1n the
virtual space to the edge of the main object in the physical
space.

virt

[0059] The next evaluation metric 1s the wall sync ratio.
An embodiment of the present disclosure may select the wall
as an additional edge match target since it 1s one of the most
common 1nteraction planes, along with horizontal surfaces
such as desks. By registering the wall, users may directly
touch the physical wall when they attach virtual content to
the virtual wall. An embodiment of the present disclosure
may calculate the wall sync ratio ¥ __,, using Equation 4
below.
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_ IL(varr: thys) [Equa‘[iﬂn 4]
Twaf! (G: ‘i’) — L(vaﬂ)
[0060] Herein, F . and F,,  represent the top-viewed

polygon from the floor 1n a virtual and a physical environ-
ment, because the edges of the floor polygon refer to the
wall. The sum of mutunal intersection edge length between
F ..and F , _1sindicated by lI(F ., F ), while the sum
of F . s edge length 1s indicated by L(F . ).

[0061] To assess the performance of the spatial registra-
tion optimization algorithm, the third metric focuses on the
size of the registered space between the virtual environment
and the physical environment. It 1s crucial to ensure a
sufficiently large registered area for users to explore and
interact more freely. Thus, an embodiment of the present

disclosure may introduce the registered space size ratio
¥ . (G, 0). This may be defined as Equation 5 below.

A (I (Ew'r:‘ ’ Ephys ))
A(Evfrr)

[Equation 5]

Tsfze (G: ‘;‘!")) —

[0062] Heremn, I(E ;. E,, ) represents the intersected
polygon resulting from aligning the multi-polygon input of
E . with that of E , . Through AU, . E_ . )), an
embodiment of the present disclosure may compute the
registered area from the virtual environment and the physi-
cal environment. An embodiment of the present disclosure
may then obtain the ratio of the registered space to the
original virtnal environment by dividing it by the virtual
environment’s area, A(E. ;).

[0063] The last metric 1s the semantic match ratio between
two spaces. This 1s the most frequently used metric to
measure the performance of spatial matching in previous
alignment-based optimization algorithms, which means the
ratio of the semantically aligned area out of the total
registered space. The semantic match ratio ¥__,_(G, ©) may
be formalized as Equation 6 below.

ZfeLIAI (FEvire Ephys) [Equ'ﬂtiﬂﬂ 6]

A(I(Evfrr . Ephys ))

Weem (G: ‘?—5) —

[0064] Herein, L 1s the set of possible semantic labels
(floor, main object, and obstacle) and IAI(E,,,.. E , /) 1s the
area of the intersected region of semantic label 1 after
registering E ; , to the E , .. The numerator in Equation 6
above represents the total area of the intersected regions of
all semantic labels, and the denominator represents the total
area of the registered space. The resulting ratio W___ (G, 0)
ranges from zero to one, where a higher value indicates a
better semantic match between E ; t and E
[0065] Finally, including all the above four metrics, an
embodiment of the present disclosure may generate the
objective function Equation 7 below that may be used for

optimization.

hys:

O(G: ‘;’-"*’) — wlTﬂbj T W2 LIJWEIH T W3 Tsfze T Wy Tsem [Equa‘[iﬂn 7]



US 2025/0046040 A1l

[0066] All four evaluation metrics for spatial matching are
unitless ratios with a value between zero to one, with
increases in each metric indicating better spatial matching
performance 1n each aspect. By assigning weights to the
coefficients ® 1n the objective function depending on the
intended purpose of registering the virtual environment, an
embodiment of the present disclosure may obtain optimal
values for space rescaling and registering. For example, in a
VR table tennis scenario, an embodiment of the present
disclosure may assign the highest weight to @1 to prioritize
matching the edge of the table and may then give a relatively
high weight to ®3 to maximize the registered area. The G
and @ values that maximize the objective function will be the
optimal values for registering the target virtual space to the
user’s physical space.

[0067] Furthermore, the edge-centric space rescaling
method according to an embodiment of the present disclo-
sure may further include operation S240. In operation S240,
spatial complexity, spatial dissimilarity, and spatial match-
ing difficulty may be quantitatively measured to assess the
level of registering dissimilar physical-virtual spaces, after
the virtual space 1s rescaled to the physical space.

[0068] Operation S240 may be to use spatial complexity
for measuring the complexity of an environment with
respect to space size, object density, and object distribution
and to compute the spatial dissimilarity and the spatial
matching difficulty for the virtnal space and the physical
space using the spatial complexity.

[0069] To be more specific, the performance of space
registration 1s highly dependent on the dissimilarity between
two spaces. So, an embodiment of the present disclosure
may propose a way to measure spatial complexity, denoted
as SC(E), which may capture relevant information about a
virtual environment’s size, object density, and object distri-
bution. To express the complexity of a given space, an
embodiment of the present disclosure may decompose it 1nto
two components, one related to the area and one associated
with the spatial layout. Imitially, an embodiment of the
present disclosure may focus on the area component, com-
posed of the space size and the area occupied by objects.
Drawing on the concept of C(E), an embodiment of the
present disclosure may aim to construct an SC(E) metric that
increases when the complexity of a space decreases. While
C(E) reflects the density of objects 1n a room, 1t was hard to
capture information about the space size when 1t 1s not
empty. To overcome these limitations, an embodiment of the
present disclosure may incorporate the space size compo-
nent into C(E) by multiplying the space area since C(E)
already contains some information about space size. As
SC(E) 1s overly sensitive to space size when an embodiment
of the present disclosure directly multiplies the environment
area, the embodiment of the present disclosure may multiply
the square root of the environment area by C(E) to reduce
this effect.

[0070] In order to reflect the spatial layout of a virtual
environment, an embodiment of the present disclosure may
propose a new term, object scatteredness (OS(E)), which
considers the distribution of objects in the space. As the
spatial complexity of the environment decreases when
objects are more scattered, OS(E) should increase accord-
ingly to contain the spatial complexity in SC(E). As the area
occupied by objects 1s already reflected in C(E), an embodi-
ment of the present disclosure may define OS(E) as Equation

& below.
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{ BVNAY: [Equation §]
210,0,e0%0i» 07

OS(E) = IN(O)

\

[0071] Herein, O is every object in the E, and o; and o;
denote the center positions of the bounding boxes of O. and
O,, respectively. d(o,, 0;) represents the distance between o,
and 0,, The number of objects (the main object and
obstacles) 1s denoted by N(O). Since d(o,, 0, ) and d(o,_, 0,)
are added twice 1n the numerator equation even though they
refer to the same distance between O and O, , an embodi-
ment of the present disclosure may divide 2, | € 0“9 with
2N(O) for the average distance between two object pairs.
The resulting unit of OS(E) is m”, which is consistent with
the unit of VA(E)XC(E) As demonstrated, Equation 8 above
does not incorporate object area information but includes the
distance between them.

[0072] In conclusion, the spatial complexity SC(E) can be
computed with Equation 9 below.

SC(E) = J A(E) x C(E) + OS(E) [Equation 9|

[0073] Herein, A(E) represents the E’s total floor area.
C(E) 1s the complexity term defined in ARC, while OS(E)
represents the object scatteredness. Through Equation 9
above, an embodiment of the present disclosure may obtain
spatial complexity, which contains environmental informa-
fion such as space size, object density, and the distribution
of objects.

[0074] To measure the spatial dissimilarity between the
physical environment and the virtual environment, an
embodiment of the present disclosure may compare spatial
complexity values, denoted by SC(E,;,) and SC(E,,, ),
respectively. However, dividing SC(E,;,,) by SC(E,,, )
alone may result in a lower value when SC(E ) 1s larger
than SC(E . ). even though the dissimilarity between the
two spaces 1s high. To address this 1ssue, an embodiment of
the present disclosure may propose Equation 10 below to
calculate the spatial dissimilarity SD(E

Vires phys)

[Equation 10]

SC(E‘I.?f?“I) ]
SC(Ephys )

SD(E 1, Ephys) — |1ﬂ(

[0075] By applying the logistic function and the absolute
function to the ratio of SC(E ;,,) and SC(E ), the resulting
value 1s independent of the order of the numerator and
denominator. An increase in SD signifies a higher dissimi-
larity between the physical environment and the virtual
environment.

[0076] In order to measure the difficulty level of aligning
the virtual space and the physical space that are centered on
the main interaction object, an embodiment of the present
disclosure may 1ntroduce a spatial matching difficulty 1ndi-
cator called SMD(E ), which 1s based on the spatial
dissimilarity SIXE , ., E , ) from Equation 10 above.
Instead of considering every basic geometric information of
the spaces, the approach according to an embodiment of the
present disclosure may focus on aligning subspaces from
both spaces that are centered on a main object with a planar

Vire? phys
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surface, such as a desk or a table. The difficulty of spatial
alignment depends on this main object, which i1s reflected
through the planar area of the central object of interaction.
Thus, an embodiment of the present disclosure may define

the SMD(E ) as Equation 11 below.

Vire® phys

A0, [Equation 11]

A4 (O;h}’ﬂ)

SMD(Eyire, Eppys) = lﬂ[SD(Evfrr: E phys) X

[0077] An embodiment of the present disclosure may
multiply the main object’s surface area ratio between the
virtual space and the physical space to the SD(E .., E . ).
Simular to the SD(E, ;. E,;,,). an embodiment of the present
disclosure may also apply the logistic function and the
absolute function to focus on the difference between the
main object’s surface area in two spaces. Using the SMD
obtained from Equation 11 above, an embodiment of the
present disclosure may quantify the difhiculty level 1n align-
ing the virtual space and the physical space centered on the
main object. Similar to SD, an increase in SMD indicates a
higher difficulty in registering E . to E

phys’

[0078] FIG. 4 illustrates five input spaces for evaluation
according to an embodiment of the present disclosure.
Furthermore, FIG. 5A illustrates a table of mnput space
information according to an embodiment of the present
disclosure, and FIG. 5B illustrates a table of spatial dissimi-

larity and spatial matching difficulty according to an
embodiment of the present disclosure.

VII"I

[0079] In detail, FIG. 4 illustrates generating polygonal
input data from the top view of 3D indoor space models. The
polygon’s color refers to the following semantic labeled
polygon: Black—{floor, orange—the main object (table),
red—obstacles.

[0080] Evaluation according to an embodiment of the
present disclosure may aim to compare the performance of
a proposed spaftial registration optimization algorithm with
two existing methods by validating four proposed metrics
for registering spaces around the main object. Additionally,
an embodiment of the present disclosure will distinguish
whether SMD 1s properly correlated with the difficulty of
matching the physical space and the virtnal space. The
evaluation procedure may involve generating input spaces
for AR/VR remote collaboration scenarios, where VR cli-
ents from different remote locations may collaborate with
AR hosts 1n an XR Studio (the target virtual space). The XR
Studio 1s equipped with three large monitors, tables, PC
desks, and a meeting table with chairs to facilitate a sense of
coexistence 1n remote collaboration. The 3D model of the
XR Studio, shown 1n FIG. 4, 1s similar in telepresence
components (three large monitors and wide table) in the
Cisco TelePresence IX5000 Series. This system enables a
seamless transition between an immersive video conference
scenario where remote space 1s extended through large
displays and an avatar-mediated telepresence scenario where
the remote user 1s able to connect to the hosting space
through VR HMD. An XR meeting scenario according to an
embodiment of the present disclosure may designate the
table in front of the three monitors as the main object, and
the embodiment of the present disclosure may preprocess
the 3D model into multi-polygon type input with the labeled
floor, main object, and obstacle areas. As depicted in FIG. 4,
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each label 1s drawn with different boundary colors where the
floor area 1s black, the main object 1s orange, and the
obstacles are red.

[0081] Thus, to match the target virtual space of XR
Studio, an embodiment of the present disclosure may utilize
four types of rooms to vary the SMD level between each
client’s space and XR studio. The physical spaces are
labeled with the floor, main object, and obstacles and are
shown 1n FIG. 4, using the same color scheme as the target
virtual space. The XR Lab i1s created based on the space used
for XR experlments with a similar layout to XR Studio but
with differences in the number of obstacles and movable
space size. The Meeting Room has a wide table 1n the middle
and chairs around it, and another small desk and chairs are
placed 1n the corner. The Home has two obstacles placed 1n
top and bottom positions, and the area of the main object 1s
approximately half of that in XR Studio. Lastly, the Office
has a different spatial conﬁguratlon from XR Studio in every
aspect, including space size, desk size, and obstacle arrange-
ment. Each physical space layout 1s designed to evaluate the
performance of the proposed algorithm and 1s depicted 1n

FIG. 4.

[0082] An embodiment of the present disclosure may
create four space pairs by combining the target virtual space
(XR Studio) with the four physical spaces, resulting in
different dissimilarity levels. Table 1 shown in FIG. 5A
displays the size of each space and the main object’s surface
for the five input spaces. An embodiment of the present
disclosure may calculate C(E) using a point sampling with
every 0.2 m and may obtain OS(E) with Equation 8 above,
which are also listed in Table 1. The SD and SMD for each
space pair are shown in Table 2 shown 1n FIG. 5B. The first
space pair, XR Studio & XR Lab, have similar tables and
monitors but have different space sizes and obstacles, result-
ing 1n an SD of 0.9841 and SMD of 0.09835. The second pair,
XR Studio & Meeting Room, share similar table sizes but
differ in the width-depth ratio of the space and spatial layout,
resulting 1n an SD of 0.8598 and SMD of 0.2442. The third
pair, XR Studio & Home, have similar space sizes, but the
main object in Home 1s about half the size of that in XR
Studio, resultmg in an SD of 0.6884 and SMD of 0.4464.
The final pair, XR Studio & Office, are dissimilar in almost
every aspect, resulting in the highest SD and SMD compared
to other space pairs, with an SD of 1.8900 and SMD of

1.2367, respectively.

[0083] In order to evaluate the effectiveness of a space
registration method proposed 1n an embodiment of the
present disclosure, the embodiment of the present disclosure
will compare its results with those of two other methods: the
1:1 Scale method, which matches spaces at a one-to-one
scale without modifying it, and the Single-RT(G method,
which applies a single RTG to the entire physical space. The
edge-centric space rescaling method according to an
embodiment of the present disclosure, RTG-Grid, may
divide the space into nine grids centered on the main object
and may use RTG for each grid. To evaluate these methods,
an embodiment of the present disclosure may run a spatial
registration optimization algorithm for spatial matching on
four space pairs, with the main object being the table. An
embodiment of the present disclosure may prioritize the
table edge sync ratio and the wall edges being the next most
important factor, which 1s useful for placing and attaching
virtual objects 1n the XR meeting scenario. Furthermore, an
embodiment of the present disclosure may also measure the
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ratio of the registered table area to compare the utilizable
table surface between the methods. Finally, an embodiment
of the present disclosure may assign weights based on the
space match ratio and the size of the registered space from
the intersection of the physical space and the virtual space.
The spatial registration optimization algorithm according to
an embodiment of the present disclosure may then find
optimal RTGs and positions that maximize alignment
between the table’s edge and the wall while securing a
suilicient registered area with a high semantic match ratio.
An embodiment of the present disclosure will use these

edge-centric evaluation metrics to validate the eflectiveness
ol the method.

[0084] A system may be implemented using the edge-
centric space rescaling method according to an embodiment
of the present disclosure, based on the above-mentioned
configurations.

[0085] In the spatial registration optimization algorithm
for spatial matching, an embodiment of the present disclo-
sure assumes that the initial input 1s a 3D model with
semantic labels and a 3D bounding box. An embodiment of
the present disclosure may extract a floorplan from the top
view of each 3D space model and may create a polygon
based on the bounding box with three semantic labels. The
first label, “floor,” indicates where users are able to walk 1n
the space. The second label, “main object,” i1dentifies the
object that will be used as the center of virtual content. Since
matching the entire physical space to the virtual space 1s
dificult, an embodiment of the present disclosure may be
focused on a user-interactive object of interest and may label
it as the main object. The third label, “obstacle,” 1s assigned
to the remaining objects 1n the physical space and the virtual
space, as users are unable to move around areas where
objects exist. The mput data for the spatial registration
optimization algorithm 1s shown in FIG. 4’s polygonal 1nput
data row. The 1nput data 1s expressed as multi-polygons with
information on one of the three semantic labels. Fach
polygon 1s made up of points, and an embodiment of the
present disclosure represents the polygonal input data as a
list of points.

[0086] The preprocessed multi-polygon nputs are res-
caled with corresponding RTGs to enhance the eflect of
rescaling. The RTG 1s applied differently for each grid
divided based on the main object to obtain rescaled polygons
of mput physical space. The four space-registering evalua-
tion metrics are computed by intersecting this rescaled
physical polygon with the target virtual space (the XR
Studio). To identity whether polygons are intersected and
the area of an intersected polygon, the polygon-clipping
method 1s used. Intersection areas between two nput poly-
gons are measured, and the semantic match ratio and the
registered space size are also calculated. Algorithms are
developed to measure the semantic match ratio for multiple
polygons and the edge concordance rate between two poly-
gons. The weight of the objective function Equation 7 above
1s set as w1=100, »2=30, w3=5, and w4=10 to match the
edge and planar information of the main object primarily.
For the RTG threshold range, XR Studio has a similar
configuration with MediumxFurnished condition from the
existing experiment condition, so an embodiment of the

present disclosure sets the threshold value al as 0.92 and ch
as 1.23.

[0087] An embodiment of the present disclosure conducts
evaluations on a MacBook Pro 13-inch Monterey OS with
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Apple M1, 8-core CPU, 16 GB RAM, and 512 GB SSD. To
implement the system according to an embodiment of the
present disclosure, the embodiment of the present disclosure
installs the python optimization library Pygmo 2.19.0 in the
Anaconda virtual environment of python 3.9.13 and utilizes
a python library Pypex4 for work with polygons in 2D. As
RTG-Grid has four inequality constraints for six input
variables (six translation gains) and RTG-Single has two
inequality constraints for two input variables (two transla-
tion gains), an embodiment of the present disclosure uses
Pygmo’s metaoptimization algorithm based on Farmani’s
self-adaptive fitness formulation. For the comparison spa-
tial-matching method with a 1:1 scale, an embodiment of the
present disclosure employs the extended ant colony optimi-
zation algorithm since the mput vanable for the 1:1 scale’s
input variables (position vector) has no inequality con-
straints between them. To visualize the spatial matching
results, an embodiment of the present disclosure uses
python’s Pillow (PIL) 9.4.0 library. The edge sync function
determined as the edge may be matched accurately using the
hand redirection techniques when the same labeled poly-
gons’ edges from the physical space and the virtual space are
parallel and less than 0.01 m and the optimization 1s per-
formed by receiving the float type nputs.

[0088] FIG. 6 illustrates a block diagram of a detailed
configuration of an edge-centric space rescaling system
according to an embodiment of the present disclosure.

[0089] An edge-centric space rescaling system 600
according to an embodiment of the present disclosure may
apply relative translation gains (RTGs) to each of space
orids divided based on the main interactable object’s edge,
which enables space modification eflects to register vast
interactable space while maintaining the coordinate system
between physical space and virtual space.

[0090] To this end, the edge-centric space rescaling sys-
tem 600 according to an embodiment of the present disclo-
sure may include a grid division unit 610, an application unit
620, a rescaling unit 630, and an assessment unit 640.

[0091] The gnd division unit 610 may divide physical
space 1nto grid units based on basic geometric information
of an object. The grid division unit 610 may divide space for
space rescaling into a predetermined number based on basic
geometric information of an interactable object’s edge, a
floor, a wall, a horizontal surface, and a vertical surface. At
this time, the grid division unit 610 according to an embodi-
ment of the present disclosure may divide the physical
space, which 1s the target of rescaling, into a plurality of
orids centered on the edge depending on the basic geometric
information of the interactable object. In an embodiment of
the present disclosure, it 1s shown and described that the
physical space 1s divided 1nto nine grids, but the number of
grids 1s not limited thereto. Furthermore, the object may be,
but 1s not limited to, a table, a wall surface, a movable floor,

or the like shown 1n FIG. 1.

[0092] The application unit 620 may apply the relative
translation gains (R1TGs) to the physical space grids divided
in the redirected walking (RDW). Thus, the application unit
620 may linearly change gains between each grid.

[0093] The application unit 620 may use translation-gain
based redirected walking (RDW) as a space-rescaling ele-
ment to generate a unified coordinate system between virtual
space and physical space. Thus, the application umit 620 may
apply the relative translation gains (RTGs) to each of the
physical space grids to generate RTG pairs and may adap-
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tively adjust space. At this time, the application unit 620 may
set the RTG pairs within user’s cognitive thresholds, such
that a maximum difference between an x-axis translation
gain and a y-axis translation gain 1n the divided space grids

talls within an RTG threshold range.

[0094] The rescaling unit 630 may register objects of
interest 1n the virtual space to a corresponding target 1n the
physical space to rescale the virtual space to the physical
space, while maintaining a coordinate system between the
virtual space and the physical space. The rescaling unit 630
may use a spatial registration optimization algorithm to find
optimal values for registering the virtual space to the physi-
cal space using the physical space spatially adjusted and
rescaled by applying the relative translation gains (R1Gs) to
cach of the physical space grids and may register the objects
of 1nterest 1n the virtual space to the corresponding target 1n
the physical space by means of the spatial registration
optimization algorithm. At this time, the rescaling unit 630
may use the spatial registration optimization algorithm for
space registration, for an edge sync ratio between the virtual
space and the physical space.

[0095] Furthermore, the edge-centric space rescaling sys-
tem 600 according to an embodiment of the present disclo-
sure may further include the assessment unit 640. The
assessment unit 640 may quantitatively measure spatial
complexity, spatial dissimilarity, and spatial matching dii-
ficulty to assess the level of registering dissimilar physical-
virtual spaces, after rescaling the virtual space to the physi-
cal space.

[0096] The assessment unit 640 may use the spatial com-
plexity for measuring the complexity of an environment
with regard to space size, object density, and object distri-
bution and may compute the spatial dissimilarity and the
spatial matching difliculty for the wvirtual space and the
physical space using the spatial complexity.

[0097] It 1s apparent to those skilled in the art that,
although the description 1s omitted in the system of FIG. 6,

the respective means making up FIG. 6 may include all
contents described 1n FIGS. 1 to 5B. This 1s obvious to those

skilled in the art.

[0098] The foregoing systems or devices may be realized
by hardware elements, software elements and/or combina-
tions thereoif. For example, the devices and components
illustrated 1n the exemplary embodiments of the mventive
concept may be implemented 1n one or more general-use
computers or special-purpose computers, such as a proces-
sor, a controller, an arithmetic logic unit (ALU), a digital
signal processor, a microcomputer, a field programmable
array (FPGA), a programmable logic unit (PLU), a micro-
processor or any device which may execute instructions and
respond. A processing unit may implement an operating
system (OS) or one or software applications running on the
OS. Further, the processing unit may access, store, manipu-
late, process and generate data 1n response to execution of
software. It will be understood by those skilled in the art that
although a single processing umt may be illustrated for
convenience ol understanding, the processing umt may
include a plurality of processing elements and/or a plurality
of types of processing elements. For example, the processing
unit may include a plurality of processors or one processor
and one controller. Also, the processing unit may have a
different processing configuration, such as a parallel proces-
SOF.
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[0099] Software may include computer programs, codes,
instructions or one or more combinations thereof and may
confligure a processing unit to operate in a desired manner or
may independently or collectively instruct the processing
unit. Soiftware and/or data may be permanently or tempo-
rarily embodied 1n any type of machine, components, physi-
cal equipment, virtual equipment, computer storage media
or units or transmitted signal waves so as to be interpreted
by the processing unit or to provide instructions or data to
the processing unit. Software may be dispersed throughout
computer systems connected via networks and may be
stored or executed 1n a dispersion manner. Software and data
may be stored in one or more computer-readable storage
media.

[0100] The methods according to the above-described
exemplary embodiments of the mventive concept may be
recorded 1n computer-readable media including program
instructions to implement various operations embodied by a
computer. The computer-readable media may also 1nclude,
alone or 1n combination with the program instructions, data
files, data structures, and the like. The program instructions
recorded 1 the media may be designed and configured
specially for the exemplary embodiments of the mventive
concept or be known and available to those skilled 1n
computer software. Examples of computer-readable media
include magnetic media such as hard disks, tloppy disks, and
magnetic tape; optical media such as compact disc-read only
memory (CD-ROM) disks and digital versatile discs
(DVDs); magneto-optical media such as tloptical disks; and
hardware devices that are specially configured to store and
perform program instructions, such as read-only memory
(ROM), random access memory (RAM), flash memory, and
the like. Program instructions include both machine codes,
such as produced by a compiler, and higher level codes that
may be executed by the computer using an interpreter. The
described hardware devices may be configured to act as one
or more software modules to perform the operations of the
above-described exemplary embodiments of the mventive
concept, or vice versa.

[0101] According to an embodiment of the present disclo-
sure, the edge-centric space rescaling system may be eflec-
tive 1n aligning the main object’s edge, the floor, the wall,
the horizontal surface, and the vertical surface and securing
the largest registered area compared to other methods in
every condition by utilizing the edge-centric space rescaling
technique.

[0102] According to an embodiment of the present disclo-
sure, the edge-centric space rescaling system may create an
immersive virtual environment where users are able to
receive passive feedback from the plane and edge 1n their
physical environment and may extend to mixed reality (MR)
remote collaboration scenarios where remote users collabo-
rate with co-presence in a mutual space.

[0103] Herein, the efiect of the present disclosure 1s not
limited to the eflects and may be expanded in various
manners ifrom a range which does not deviate from the
technical spirit and scope and the present disclosure.

[0104] While a few embodiments have been shown and
described with reference to the accompanying drawings, it
will be apparent to those skilled in the art that various
modifications and variations can be made from the foregoing
descriptions. For example, adequate eflects may be achieved
even 1f the foregoing processes and methods are carried out
in different order than described above, and/or the afore-
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mentioned components, such as systems, structures, devices,
or circuits, are combined or coupled 1n different forms and
modes than as described above or be substituted or switched
with other components or equivalents.

[0105] Theretfore, other implements, other embodiments,
and equivalents to claims are within the scope of the
tollowing claims.

What 1s claimed 1s:

1. An edge-centric space rescaling method by an edge-
centric space rescaling system for dissimilar physical-virtual
space registration, the edge-centric space rescaling method
comprising;

dividing physical space into grid units based on basic

geometric information of an object;
applying relative translation gains (RTGs) to physical
space grids divided 1n redirected walking (RDW); and

registering objects of interest in virtual space to a corre-
sponding target 1n physical space to rescale the virtual
space to the physical space, while maintaining a coor-
dinate system between the virtual space and the physi-
cal space.

2. The edge-centric space rescaling method of claim 1,
wherein the dividing includes:

dividing space for space rescaling into a predetermined

number based on the basic geometric information of an
interactable object’s edge, a floor, a wall, a horizontal
surface, and a vertical surface.

3. The edge-centric space rescaling method of claim 2,
wherein the dividing includes:

dividing the physical space, which 1s the target of rescal-

ing, mto a plurality of grids centered on the edge
depending on the basic geometric information of the
interactable object.

4. The edge-centric space rescaling method of claim 1,
wherein the applying includes:

using translation-gain based redirected walking (RDW) as
a space-rescaling element to generate a umfied coordi-
nate system between the virtual space and the physical
space.

5. The edge-centric space rescaling method of claim 4,
wherein the applying includes:

applying the relative translation gains (RTGs) to the
physical space grids to generate R1G pairs and adap-
tively adjusting space.
6. The edge-centric space rescaling method of claim 5,
wherein the applying includes:

setting the RTG pairs within a user’s cognitive threshold,
such that a maximum difference between an x-axis

translation gain and a y-axis translation gain in the
divided space grids falls within an R1G threshold
range.

7. The edge-centric space rescaling method of claim 4,
wherein the rescaling includes:

using a spatial registration optimization algorithm to find
optimal values for registering the virtual space to the
physical space using the physical space spatially
adjusted and rescaled by applying the relative transla-
tion gains (RTGs) to the physical space grids; and

registering the objects of interest in the virtual space to the

corresponding target in the physical space by means of
the spatial registration optimization algorithm.

8. The edge-centric space rescaling method of claim 1,
turther comprising:
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quantitatively measuring spatial complexity, spatial dis-
similarity, and spatial matching difhiculty to assess the
level of registering dissimilar physical-virtual spaces,
after rescaling the virtual space to the physical space.

9. The edge-centric space rescaling method of claim 8,
wherein the assessing includes:

using the spatial complexity for measuring the complexity

of an environment with regard to space size, object
density, and object distribution and computing the
spatial dissimilarity and the spatial matching dificulty
for the virtual space and the physical space using the
spatial complexity.

10. An edge-centric space rescaling method by an edge-
centric space rescaling system for dissimilar physical-virtual
space registration, the edge-centric space rescaling method
comprising;

dividing physical space into grid units based on basic

geometric information of an object;
applying relative translation gains (R1Gs) to physical
space grids divided in redirected walking (RDW);

registering objects of interest 1n virtual space to a corre-
sponding target in physical space to rescale the virtual
space to the physical space, while maintaining a coor-
dinate system between the virtual space and the physi-
cal space; and

quantitatively measuring spatial complexity, spatial dis-

similarity, and spatial matching difhiculty to assess the

level of registering dissimilar physical-virtual spaces,

after rescaling the virtual space to the physical space,
wherein the applying includes:

using a spatial registration optimization algorithm {for
space registration, for an edge sync ratio between the
virtual space and the physical space.

11. An edge-centric space rescaling system for dissimilar
physical-virtual space registration, the edge-centric space
rescaling system comprising:

a grid division unit configured to divide physical space
into grid units based on basic geometric information of
an object;

an application unit configured to apply relative translation
gains (RTGs) to physical space grids divided i redi-
rected walking (RDW); and

a rescaling unit configured to register objects of interest in
virtual space to a corresponding target 1n physical space
to rescale the virtual space to the physical space, while
maintaining a coordinate system between the virtual
space and the physical space.

12. The edge-centric space rescaling system of claim 11,
wherein the grid division unit divides space for space
rescaling into a predetermined number based on the basic
geometric mformation of an interactable object’s edge, a
floor, a wall, a horizontal surtace, and a vertical surface.

13. The edge-centric space rescaling system of claim 12,
wherein the grid division umt divides the physical space,
which 1s the target of rescaling, into a plurality of grids
centered on the edge depending on the basic geometric
information of the interactable object.

14. The edge-centric space rescaling system of claim 11,
wherein the application unit uses translation-gain based
redirected walking (RDW) as a space-rescaling element to
generate a unified coordinate system between the virtual
space and the physical space.

15. The edge-centric space rescaling system of claim 14,
wherein the application unit applies the relative translation
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gains (RTGs) to the physical space grids to generate RTG
pairs and adaptively adjusts space.

16. The edge-centric space rescaling system of claim 15,
wherein the application unit sets the RTG pairs within a
user’s cognitive threshold, such that a maximum difference

between an x-axis translation gain and a y-axis translation
gain 1n the divided space grids falls within an RTG threshold
range.

17. The edge-centric space rescaling system of claim 15,
wherein the rescaling unit uses a spatial registration opti-
mization algorithm to find optimal values for registering the
virtual space to the physical space using the physical space
spatially adjusted and rescaled by applying the relative
translation gains (RTGs) to the physical space grids and
registers the objects of interest in the virtual space to the
corresponding target 1n the physical space by means of the
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spatial registration optimization algorithm and registers
semantic information between the virtual space and the
physical space.

18. The edge-centric space rescaling system of claim 11,
further comprising:

an assessment unit configured to quantitatively measure

spatial complexity, spatial dissimilarity, and spatial
matching dithculty to assess the level of registering
dissimilar physical-virtual spaces, aiter rescaling the
virtual space to the physical space.

19. The edge-centric space rescaling system of claim 18,
wherein the assessment unit uses the spatial complexity for
measuring the complexity of an environment with regard to
space size, object density, and object distribution and com-
putes the spatial dissimilanity and the spatial matching
difficulty for the virtual space and the physical space using
the spatial complexity.
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